Abstract-Direct recordings were made of electrical signals emanating from the muscles in a rabbit's residuum. The signals were transmitted via wires attached on one end to the muscles, and on the other to an external recording system. The cable was held in a titanium tube inside a pylon that had been transcutaneously implanted into the residuum's bone. The tube was surrounded by porous titanium cladding to enhance its bond with the bone and with the skin of the residuum. This study was the first known attempt to merge the technology of direct skeletal attachment of limb prostheses with the technology of neuromuscular control of prostheses, providing a safe and reliable passage of the electrical signal from the muscles inside the residuum to the outside recording system.
through the residual nerves. Surface electrodes record EMG signals from these muscles and use them to control physiologically related movements of the prosthesis.
There are several types of commercially available lower limb prostheses controlled by microprocessors; they are reviewed in [13] . However, none of them use efferent information from the user, like the myoelectric signal, as input for the control system. Attempts to use the EMG signal to directly and volitionally control a powered prosthetic knee were reported in [14] and [15] . The transmission of EMG signals from the residual limb is a requirement for the control system's safety and efficacy. However, collecting the EMG signal with surface electrodes may be a source of skin damage if the electrodes are positioned in the socket [13] . Additionally, there was a significant risk factor reported in accepting the EMG signal from the residuum muscles with surface electrodes [16] , due to potential for the motion-induced artifacts which may result in falls.
First implantable electrodes penetrated by regenerating nerve fibers associated with leg movement were studied in unrestrained amphibians [17] . Edell recorded axonal electrical impulses in rabbits with electrodes running along microtubes manufactured with silicon microfabrication technology [18] . An array of microelectrodes were placed endoneurally within functional groups of axons. They were able to transduce available binary information from a multifunctional nerve. Since the precise location of the functional groups of axons cannot be predicted in a peripheral nerve, more contacts than the total number of functional groups were made to the nerve to ensure that all of the functional groups were represented.
The question of whether the controlling signal should be collected from the nerve or the muscle is debatable, and is outside the scope of this study. The authors would like to note that the practicality of both technologies depends not only on a workable connection of the electrode with the tissue generating the signal, but also on whether the signal can be passed safely outside the residuum.
For the latter, we suggest here a technique that merges the technology of microelectrodes with the technology of direct skeletal attachment of limb prostheses, which may utilize the advantages of the latter and increase its safety [19] . With this approach, a cable, fitted with microelectrodes, is safely held by and positioned in a specially designed device that is implanted directly into the residuum bone.
In the first step of the original direct skeletal attachment procedure [20] , a fixture is implanted into the bone of the residuum, which is performed subcutaneously. After several months, when 0018-9294/$31.00 © 2012 IEEE osseointegration of the fixture and hosting bone is complete, a component called the abutment is inserted into the fixture transcutaneously. The abutment is designed such that a limb prosthesis can then be attached to it.
An alternative to the original two-step procedure of direct skeletal attachment is a one-step technique [21] [22] [23] [24] , which we used in the current study. For the one-step transcutaneous implantation we used device called a pylon, one end of which is implanted in the bone and the other is positioned outside of the residuum for connection with the limb prosthesis.
The first verification of this methodology is reported in this paper. The electrical signal, recorded directly from the m. gastrocnemius in a rabbit's residuum, was transmitted with a cable and recorded outside of the animal's body. The cable was held in a titanium tube inside a pylon that was implanted into the residuum's bone. The tube was surrounded by porous titanium cladding to enhance its bond with the bone and with the skin of the residuum.
II. METHODS

A. Development of Composite Porous Pylon With the Axial Canal
The composite porous pylon with peripheral nerve interface (PNI) was developed by Poly-Orth International, Sharon, MA. The design of the PNI pylon consisted of a tubular insert surrounded by a porous cladding [22] , [25] with the characteristics allowing for osseointegration to occur and the safe seal of the surrounding skin [25] , [26] . The tubular insert with an outside diameter of 3 mm, and inside diameter of 2 mm (SmallParts, Seattle, WA) was sintered (ADMA Products Group, Hudson, OH) with powders in cylindrical boron nitride molds (Payne Engineering & Fab. Co., Canton, MA), each 5 mm in diameter. The titanium alloy Ti6Al4V ELI was used as the material for the tubular insert and for the powders. The pylon SBIP-PNI is shown in Fig. 1 (a) with silicon shield (1) for the wire electrodes (2) passing through the tube (3) surrounded by the porous cladding (4). The placement of the pylon in the residuum is explained in Fig. 1(b) . The portion of the implant below the dashed arc is positioned in the bone of the residuum, schematically drawn as a cylinder (5) . The electrodes are passed through hole (6) out of the medullary canal to be implanted into the muscle or nerve. The portion of the pylon above the arc is outside the residuum.
The high temperature sintering was conducted in a vacuum using titanium powders sieved to (−80+200) mesh. Samples were sintered for 4 hours at 1090
• C, which was above the beta transus temperature of 996
• C. Porosity of the sintered portion had an average range of 45-50%. The pore size was in the range of 30 -200 μm.
Multistranded, Teflon-insulated, plated wires (∼500 μm) were used as both interconnect and electrodes. The interface region of the wire and the pins in the connector were sealed prior to surgery with silicone to prevent any influx of body fluids (see Fig. 1(a), "1") . (5) with the hole (6) for releasing the electrodes from the medullary canal for implanting to the muscle or nerve; the portion above the dashed arc is to be outside of the residuum.
B. Implantation Procedure
A white New Zealand rabbit was taken for the study that was conducted at the Pine Acres Research Facility, Norton, MA, following the IACUC 1 approval of the protocol. The implantation procedure replicated that developed for the cats in [22] .
A temporary tourniquet was placed on the rabbit's thigh prior to incision. The leg was then prepped using the usual sterile technique. A circumferential incision was made over the proximal tibia, roughly 4-cm distal to the proximal tibial articular surface. In making this incision, a posterior skin flap was designed to allow for tension-free closure. The muscles and tendons at this level were transected using monopolar cautery. Surgical dissection was undertaken to identify the anterior and posterior neurovascular bundles, which were then ligated and transected. Soft tissue attachments were stripped off the tibia for 1-cm proximal to the anticipated level of the osteotomy. The tibial and fibular osteotomy was then made using an oscillating saw. The fibula was subsequently rongeured down 2-3-cm proximal to the level of the tibial osteotomy. Any remaining soft tissue was transected using monopolar cautery, thereby completing the amputation.
The medullary canal of the tibia was broached using a curette. The canal was then cleared of debris with a hand reamer. Once reaming was complete we used irrigation to help clear any remaining debris. A lateral 5-mm burr hole for pullout of the electrodes was drilled in the bone wall as schematically shown in Fig. 1(b) , "6". Reamer and irrigation were used to clean debris from the canal.
The sterilized SBIP-PNI pylon, 4 cm in length and with connected cuff leads, was inserted into the medullary canal of the tibia for a depth of approximately 1-2 cm. The depth of the implant was based on how tight the fit was in the canal. We kept inserting the pylon until we were able to achieve a good press fit in the canal. During insertion of the pylon into the medullary canal, the cuff leads attached to the pin were gently pulled through the hole on the lateral side of the bone to make room for the pylon inside the bone. This was done by inserting a needle connected to suture through the burr hole into the canal. This needle was then pulled out from the amputated end of the canal [see Fig. 2(a) ]. Care was taken to make sure the suture was not pulled all the way through the burr hole. The needle was removed and the suture that remained was tied to the electrodes. The other end of the suture was then used to guide the electrodes through the burr hole [see Fig. 2(b)] .
The implant was then inserted into the tibial medullary canal using a mallet. The tibia was then cerclaged for added stability. Prior to closure, the fat and subcutaneous tissue of the posterior skin flap were sharply excised to the level of the dermis.
In order to test the viability of signals from the remnants of cut muscles after amputation, the rabbits were implanted with bipolar muscle electrodes. The electrodes were fitted onto the proximal residuum of the cut m. medial gastrocnemius and m. extensor digitorum longus. These muscles have extensor-and flexor-related activity during locomotion and can be used in the future to control a powered prosthesis.
The wound was copiously irrigated with normal saline and the gastrocnemius muscle was debulked as needed prior to closure to ensure a tension free suture line. A small stab incision was made in the flap using a 10 blade for the implant to exit. The wound was then closed with a 4-0 nylon suture so that the dermal portion of the posterior skin flap directly overlaid and made contact with the distal end of the tibia. Prior to closure special care was taken to bring the skin flap in contact with the porous portion of the implant. At the end of the procedure, sterile gauze was placed on the wound and Coban wrap was applied. The position of the implant was confirmed after the procedure using fluoroscopy (see Fig. 3 ).
C. Signal Measurement and Processing
The composite porous pylons (SBIP-PNI) were modified to accept an Omnetics Nano series connector as well as to provide a resilient prosthesis for the animal by casting a silicone cylinder over the protruding portion of the bone interface, as shown in Fig. 1 . The connector leads were passed through the lumen of the bone interface, and electrodes were created by simply stripping the insulation for 5 mm, bending 180
• and electroplating silver over the exposed wire. Two pairs of electrodes were joined with 15-mm center to center spacing using Nusil MED4-4220. An additional set of electrodes were included to provide reference potential for the instrumentation amplifier input stage. The amplifier used in these experiments was not designed to be particularly small.
The connector was protected from the animal by containment within a pocket in the silicone prosthesis. During surgery, electrodes were pulled through the lumen of the tibia and exited a small 5-mm burr hole. The reference electrodes were positioned in the subcutaneous space while the pairs of recording electrodes were embedded within the residual musculature and sutured in place.
Three weeks after the surgery, the rabbit was sedated with Valium prior to the recording session. Once sedated, amplifiers were taped to the pylon and plugged into the connector.
The sedated animal was rocked back and forth to elicit the "righting reflex" where the animal resists the torsion by activation of extensors of the ankle. At the time of recording, the connector was retrieved from the protective silicone pocket [see 
III. RESULTS
The example waveform shown in Fig. 5 was from the differential pair of electrodes embedded within the residual gastrocnemius muscle. Activity was elicited by gently rocking the otherwise unrestrained animal to evoke a righting reflex. The smaller bursts were from tensing of the muscles while the larger bursts were from the animal moving overtly.
Movement of the prosthesis relative to the bone caused lead breakage so only one muscle could be accessed once the healing process had completed. However, the principle was demonstrated by recording quality EMG, shown in Fig. 5 , which was recorded from that muscle prior to the conclusion of the experiment.
IV. DISCUSSION
The current study was the first to explore how direct skeletal attachment can be incorporated in neurocontrol of limb prostheses. The authors suggest that while both technologies are in Direct differential recording of EMG from residual muscles and/or muscles reprogrammed through targeted muscle reinnervation results in an efficient, robust system for precision EMG control of prostheses. The direct acquisition and recording technique eliminates many of the usual interferences associated with surface EMG (SEMG) techniques now in use, and avoids the need for expensive implantable electronics. Rather, existing myoelectric prosthesis electronics are fully sufficient for recording from indwelling EMG electrodes, and will not suffer in performance from changes in fat, hydration of the skin, sweat, motion of the electrodes relative to the skin, or motion of electrodes relative to the underlying target muscle.
For direct bone interface mounted prostheses, direct wiring of the residual muscles of interest could be incorporated to provide access to all residual muscles, not just the superficial, large muscles accessed by SEMG techniques.
Further studies are needed to assess the effects on osseointegration and risks of infection due to the hole in the bone wall that wires pass through. The number of electrodes to be implanted depends entirely on the number of residual muscles that are of interest for prosthetic control. It would be advantageous to implant several electrodes over each muscle in order to more comprehensively measure muscular activity. V. CONCLUSION 1) A stable transmission of the signal from the muscles of the residuum to the outside on the body was achieved. 2) A merge of the technology of direct skeletal attachment with neurocontrol over prosthetic performance will be an important advancement in prosthetic rehabilitation. 3) This study was the first known attempt to merge the technology of direct skeletal attachment of limb prostheses with the technology of neuromuscular control of prostheses, providing a safe and reliable passage of the electrical signal from the inside the residuum to the outside recording system.
